Abstract Ground-based measurements of optical properties have rarely been conducted for lakes located on the Tibetan Plateau (TP). In this study, we analyzed the spectral absorption properties of phytoplankton, non-algal particles, and colored dissolved organic matter sampled in Lake Namtso on the TP in order to obtain the variability in the light absorption properties of each of these three components and the relative contribution of each component. The Chlorophyll-a concentration was found to be very low. The mean value of the spectral slope S 280À500 for CDOM absorption was found to be 0.036 nm À1 , whereas the corresponding mean value for S 350À500 was found to be 0.015 nm À1 , implying that when comparing spectral slope values with published values, the wavelength range used for deriving them should be considered. Additional peaks were found for phytoplankton sampled in Lake Namtso in the wavelength ranges 310-370 and 600-640 nm, indicating a significant contribution by accessory pigments to the phytoplankton absorption. The Chlorophyll-a specific absorption coefficients of phytoplankton ½a Ã phy ðkÞ at 440 and 675 nm in Lake Namtso were found to be much higher than previously reported values, due to the combination of a small package effect and contributions by accessory pigments.
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Introduction
The Tibetan Plateau (TP) lies in Southwest China and has an average altitude that exceeds 4,000 m above sea level. Because the TP has the largest storage of snow and ice in the world outside the polar regions, it is sometimes referred to as the 'Third Pole'. The uplift of the TP plays a significant role in the global climate dynamics through its impact on the Asian Monsoon system (Hahn & Manabe, 1975; An et al., 2001) . Numerous lakes and rivers that are distributed across the TP are the sources of major rivers in Asia. On the TP, most lakes having an area larger than 1.0 km 2 are located at altitudes above 4,000 m (Jiang & Huang, 2004) and have a low content of biota because of harsh environmental conditions, such as a short growing season, low temperatures, and low nutrient inputs. Also, lakes on the TP are exposed to high fluxes of UV radiation (Norsang et al., 2009; Norsang et al., 2011; Norsang et al., 2014) due to the natural increase of UV radiation with altitude (Blumthaler et al., 1992; Alexandris et al., 1999) and the existence of a low total ozone column during summer (June-September) (Zhou et al., 2006) . UV radiation has impact on both zooplankton and phytoplankton in aquatic ecosystems (Vinebrooke & Leavitt, 1996; Tartarotti et al., 1999; Helbling et al., 2001; Sommaruga, 2001) .
The impact of UV radiation on the biota in lakes on the TP is larger than in lowland lakes. Mountain lakes are highly transparent to UV radiation due to low content of colored dissolved organic matter (CDOM) originating from catchment areas with poorly developed soil and vegetation, implying that UV radiation can penetrate to deep layers of the water column. Also, exposure of CDOM to sunlight can lead to photobleaching and photo-induced degradation, resulting in reduced absorption of UV radiation and visible light (Del Vecchio & Blough, 2002; Twardowski & Donaghay, 2002; Brinkmann et al., 2003) , which subsequently increases the penetration of harmful UV radiation in aquatic environments.
Recent climate change on the TP is generally characterized by increasing surface air temperatures. As reported in the IPCC Fourth Assessment Report (Parry, 2007) , warming on the TP is expected to be well above the global mean. Climatic warming has led to a considerable retreat of glaciers (Wang et al., 2007b) , change in soil physical properties as well as degradation of permafrost (Wang et al., 2000) and alpine meadows (Wang et al., 2007a) . A temperature increase has a significant impact on glacier melting as well as on soil and vegetation development in catchment areas of lakes, and hence on the input of freshwater and nutrients. All these changes will have impact on the chemical, physical, and biological characteristics of lakes on the TP, and therefore on their optical properties. Studies of the optical properties of lakes are essential to gain a full understanding of climate change impacts. Also, ground-based measurements and analyses of optically significant components in lake water is essential for simulation of light transport in the water column, for construction of bio-optical models, and for remote-sensing-based water quality estimation.
Besides water itself, CDOM and suspended particulate matter are the main components that attenuate light in Case 2 water, such as coastal water, lake water, and river water, through absorption and scattering. The absorption and scattering properties of these optically significant components determine the underwater light distribution, the availability of photosynthetically active radiation (PAR) for primary production, the presence of potentially harmful UV radiation, water clarity, the heat budget of the water body, and the subsurface remote sensing reflectance or water color (Kirk, 2011) . Also, they are important for the understanding of photo-related biochemical reactions.
The optical properties of Case 1 water (e.g., openocean water) are well documented (Yentsch, 1962; Bricaud et al., 1981; Bricaud et al., 1995) . Openocean water receives less impact from land and human activity, and thus has optical properties that are relatively stable at a large spatial scale. Due to strong impact from land and human activity, Case 2 water has greater variability spatially and temporarily in optical properties (Stedmon et al., 2000; Babin et al., 2003; Twardowski et al., 2004; Ma et al., 2006) . Studies of the optical properties of high mountain lakes (Tartarotti et al., 1999; Laurion et al., 2000; Zhou et al., 2005; Tartarotti & Sommaruga, 2006; Zhang et al., 2009; Zhang et al., 2010; Ficek et al., 2013) have received considerable attention partly because of their harsh environment and partly because remotely located lakes can be considered as sensitive indicators of environmental and climate changes (SommarugaWögrath et al., 1997; Williamson et al., 2008; Adrian et al., 2009) . However, such studies have rarely been conducted for the lakes located on the world's highest plateau, and ground-based measurements of optical properties of lake water on the TP are rare. Therefore, the aim of this paper is to present measurements and analyses of the absorption properties of optically significant components such as CDOM and particulate matter based on measurements in the third largest lake on the TP. The data presented here are among the first from measurements in lakes on the TP.
In this study, we present data on the absorption properties of CDOM, phytoplankton, and non-algal particles in a large, remote lake located on the TP. We determine the absorption properties of CDOM in the UV and visible spectral regions in terms of the absorption coefficient at 320 and 440 nm, and derive not only the commonly used spectral slope S 350À500 of CDOM, but also S 280À500 , which we find to be significantly different from S 350À500 , implying that when comparing spectral slope values with earlier published data in the literature, the wavelength range used for deriving them should be taken into account. In addition to the well-known absorption peaks due to Chl-a, we find several other peaks in the phytoplankton absorption spectra for Lake Namtso water, and discuss their possible sources. Also, we study the relative contributions of CDOM, phytoplankton, and non-algal particles to the absorption at representative wavelengths of 380, 443, and 675 nm, and find CDOM to be dominant absorbing component at both 380 and 443 nm. At 675 nm, we find phytoplankton to play a dominant role in the light absorption, although nonalgal particles absorb significantly in some cases.
Data and methods

Study area and secchi depth
Lake Namtso (30 30 0 N-30 56 0 N, 90 16 0 E-91 03 0 E) is a mountain lake, located north of Lhasa city at the foot of the North slope of the Nyenchen Tanglha Mountain in central Tibet Autonomous Region (TAR). Lake Namtso (Fig. 1) is the second largest lake in TAR and the highest-situated large lake in the world at an altitude of 4,718 m above sea level. In 2005, the lake covered an area of 2,040.9 km 2 (Wan et al., 2010 ) with a drainage basin of about 10,610 km 2 (Kang et al., 2011) . The catchment-to-lake ratio is about 5 for Lake Namtso. The drainage area of Lake Namtso contains glaciers, alpine permafrost areas, rivers, alpine meadows, and wetlands. The largest depth of Lake Namtso exceeds 90 m (Wang et al., 2009) , and the soil in Lake Namtso basin is mainly neutral or slightly alkaline. Lake Namtso has no outflow river, but five main inflow rivers, which enter from west, northwest, southwest, and northeast. The climate in this area is generally characterized as dry and cold. The average annual temperature and annual precipitation recorded at Nam Co (Namtso) station, which is located at the southeast shore of Lake C and 414.6 mm (Kang et al., 2011) , respectively. The precipitation mainly occurs during the summer season from June to October (Kang et al., 2011) . The landscape is dominated by alpine meadows in this area. The average pH level for the surface water of this lake is 9.21 (Wang et al., 2009) . Lake Namtso is an oligosaline lake with a salinity of 2.0 gl À1 (Wu et al., 2006) . Based on measurements in August and September, Wang et al. (2009) found that the vertical profiles of water quality parameters (i.e., temperature, pH, dissolved oxygen, and conductivity) in relatively deep parts of Lake Namtso show distinct stratification characteristics, with a well-mixed upper layer ranging from the surface down to 18-20 m having high and stable values, a middle layer ranging from 20 to 60 m, where the thermocline develops, and a lower or bottom layer below 60 m, which has stable low temperatures. Analyses of the ice cover of Lake Namtso based on MODIS data show that detectable ice appears in early January and disappears in middle of May (Kropáček et al., 2013) . In the winters of 2008 and 2009, the ground-measured thickness of the ice cover for the eastern part of Lake Namtso varied between 24 and 59 cm (Ye et al., 2011) .
We visited a total of 15 stations in Lake Namtso, as shown in Table 1 and indicated by the filled circles in Fig. 1 . At most stations, water samples were collected from three depths, i.e., close to the surface, at half the Secchi depth, and at the full Secchi depth. Detailed information about the stations is given in Table 1 .
Determination of CDOM absorption coefficient and spectral slope Water samples were filtered through Whatman Polycarbonate filters (diameter 47 mm, pore size 0.22 lm) at low vacuum pressure on the day they were collected, and the filtrate was collected in pre-washed bottles. The bottles were first rinsed three times with filtered sample water to minimize the possibility of contamination. The CDOM samples were stored in a refrigerator until analysis except during transportation. During transportation, all samples were stored in boxes with ice bags, and the total transportation time was less than 18 h. Prior to analysis, the CDOM samples and Milli-Q water were acclimated to room temperature. The absorbance spectra were recorded at wavelengths in the range from 200 to 900 nm with 2 nm increments using a dual-beam Shimadzu spectrophotometer (UV-1800) equipped with a 10 cm quartz cuvette. Baseline data were obtained by filling Milli-Q water both in the sample and reference cells, and baseline correction was done by subtracting the offset from each sample spectrum. Absorbance data were converted to absorption coefficients using 
where the subscript g stands for CDOM, a g;m ðkÞ and ODðkÞ are the measured absorption coefficient (m À1 ) and absorbance, respectively, at wavelength k, and ' is the path length in (m) (' ¼ 0.1 m). In Eq. (1), the number 2.303 (i.e., ln10) is the conversion factor between the base 10 logarithm used for absorbance and the natural logarithm used for the absorption coefficient. The absorption coefficient was corrected for scattering by residual particles in the CDOM samples using (Bricaud et al., 1981) a g ðkÞ ¼ a g;m ðkÞ À a g;m ð720Þ Â ð720=kÞ; ð2Þ
where a g ðkÞ is the corrected, and a g;m ð720Þ is the measured absorption coefficient at k ¼ 720 nm. As discussed by several authors (Stedmon et al., 2000; Twardowski et al., 2004) , applying a natural logarithm transformation to absorption spectra before applying a regression fitting, one may change the weighting of the data points and thus introduce errors in the determination of the slope S. Therefore, the slopes S of the measured CDOM absorption spectra were determined by fitting them directly to the following equation (Bricaud et al., 1981) 
where a g ðkÞ and a g ðk 0 Þ are the absorption coefficients at an observed wavelength k and at a reference wavelength k 0 , respectively. The absorption coefficient a g ðk 0 Þ at the reference wavelength k 0 is used to characterize the CDOM concentration in a specific type of natural water. In this study, the reference wavelength k 0 was set to 320 or 440 nm. The spectral slope S (nm À1 ), which is independent of the choice of k 0 , indicates how rapidly the absorption decreases with increasing wavelength.
The natural logarithm of the measured absorption spectrum for different CDOM samples of Lake Namtso water is shown in Fig. 2a . It is clearly seen that these curves cannot be described by Eq. (3) with a single spectral slope covering both UV and visible spectral regions. Therefore, two sets of CDOM spectral slopes are given in this paper, denoted by S 280À500 and S 350À500 , respectively. S 280À500 was derived using the wavelength range 280-500 nm for fitting, while S 350À500 was derived for the wavelength range 350-500 nm. Figure 2b shows a semi-log plot of one of the measured absorption spectra for CDOM samples obtained from Lake Namtso together with nonlinear fits based on the exponential model in Eq. (3) for the wavelength ranges 280-500 and 350-500 nm. Figure 2b indicates that the derived absorption coefficient at 320 or 440 nm will depend on the wavelength range used to obtain the nonlinear fit. Therefore, in this study, a g ð320Þ was derived using the wavelength range 280-500 nm to obtain the nonlinear fit, while a g ð440Þ was derived using the wavelength range 350-500 nm. Helms et al. (2008) defined the spectral slope ratio S R as the ratio of S 275À295 to S 350À400 , where S 275À295 and S 350À400 are the spectral slopes determined using linear regression of the log-transformed absorption spectra for the wavelength ranges of 275-295 and 350-400 nm, respectively. They pointed out that S R is useful for characterizing CDOM in natural water. Helms et al. (2008) found S R values to be larger than 1 for marine CDOM samples, but smaller than 1 for terrestrially dominated CDOM samples. Also, they found the S R value to be related to the CDOM molecular weight (MW) and to photochemically induced shifts in the MW. Thus, upon light exposure of CDOM they found the percentage of CDOM in the low-molecular weight (LMW) (\1,000 Da) fraction to increase, and the percentage in the high-molecularweight (HMW) ([1,000 Da) fraction to decrease, resulting in an increase of the S R value. In our study, we use S R to characterize changes in the spectral shape of CDOM.
Determination of particle absorption coefficients
In order to determine absorption coefficients for particulate matter, 800-1150 ml of sample water was filtered through a 25 mm diameter glass fiber filter (Whatman, GF/F) at low vacuum pressure. Each sample filter for total suspended matter (TSM) or Chla was preserved in a small Petri dish, wrapped with aluminum foil, and stored in a freezer before transportation from Tibet to Norway. After transportation, all samples were stored at a temperature of -80 C until analysis. The absorption spectrum of the particles retained on the filter was determined according to the Transmittance-Reflectance method (Tassan & Ferrari, 2002) . The transmittance and reflectance of the sample filter were measured for wavelengths between 280 and 900 nm with 2 nm increments using a dual-beam Shimadzu spectrophotometer equipped with a 60 mm integrating sphere (UV-2401 PC). The absorbance OD s of the particles retained on the filter was converted to an equivalent absorbance OD sus of the suspension using (Tassan & Ferrari, 2002) OD sus ðkÞ ¼ 0:423OD s ðkÞ þ 0:479OD 2 s ðkÞ:
The absorption coefficient a p ðkÞ for all particles was then derived from
where X (m) is the ratio of the volume of the filtered water sample to the filter clearance area. Bleaching of pigmented particles was performed using a 0.1% active chlorine solution of sodium hypochlorite (NaClO) in accordance with the REVAMP protocol (Tilstone et al., 2002) . The absorption coefficient a phy ðkÞ for pigmented particles (referred to as phytoplankton in this study) was then derived by subtracting the absorption coefficient a NAP ðkÞ for non-pigmented particles (commonly referred to as non-algal particles (NAP) (Bricaud et al., 1998; Babin et al., 2003) ) obtained after bleaching from the absorption coefficient a p ðkÞ for all particles. Data from 38 samples were used in this study. In order to agree with the terminology used in most studies (Bricaud et al., 1998; Babin et al., 2003) , non-pigmented particles will hereafter be called nonalgal particles (NAP). The following equation was fitted to the absorption coefficients for non-algal particles:
where a NAP ðkÞ and a NAP ðk 0 Þ are the absorption coefficients at an observed wavelength k and at a reference wavelength k 0 , respectively. In this study, the reference wavelength k 0 was set to 443 nm. The spectral slope S NAP (nm À1 ) was determined by fitting the measured absorption spectra for non-algal particles directly to Eq. (6) using data within the wavelength range 350-600 nm.
Determination of total suspended matter (TSM) concentration
In order to determine the TSM concentration, 2000-3000 ml water samples were filtered through pre-weighed Whatman 47 mm GF/F filters to obtain TSM samples. The pre-ashed, pre-washed, and preweighed GF/F filters were prepared in accordance with the REVAMP protocol (Tilstone et al., 2002) . The TSM samples were stored in a freezer at À80 C until analysis. The filters were dried in an oven at 75 C for 24 h, and then cooled in a desiccator and weighed on a Mettler Toledo MT5 micro-balance.
Determination of Chl-a concentration
In order to determine the Chl-a concentration, 800-1150 ml water samples were filtered through 25 or 47 mm Whatman GF/F filters on the day of collection. After transportation, all samples were stored in a freezer at À80 C. Chl-a concentrations were determined using high pressure liquid chromatography (HPLC) with the method of Wright (1991) . The HPLC (Waters 2695 Separations module) was calibrated using standards (DHI) and routinely quality controlled with in-house standards. The pigments were extracted in 5 ml 90% acetone in a dark room at room temperature (20-25 C) for 4 h. The samples were then sonicated for 20 s for better extraction before 1 ml was transferred to 2 ml vials (Chromacol) and kept in the dark at 4 (AE2) C in the injector chamber. Chl-a was quantified using a response factor from multipoint regression of diluted standards (DHI) with known concentrations calculated from the measured absorption in a spectrophotometer with the recommended extinction coefficient (Jeffrey & Humphrey, 1975) .
Results
TSM and Chl-a concentration
Secchi depth data from 2013 and 2014 (Table 1) show the transparency of Lake Namtso water to be higher in the middle of the lake than in its eastern and western parts. Using empirical relations (Kirk, 2011) , one finds the measured Secchi depths in Lake Namtso to correspond to downward vertical attenuation coefficients K d (PAR) for photosynthetically available radiation (PAR) in the range 0.12-0.16 m À1 and to euphotic depths in the range 29-38 m. The observed TSM and Chl-a concentrations of Lake Namtso water are shown in Fig. 3 , and the corresponding variation ranges and mean values are shown in Table 2 .
All samples in our study were collected down to the Secchi depth, which at the deepest was 12 m, and thus well within the euphotic zone (29-38 m). The Chla concentration was found to be very low in Lake Namtso. It varied between 0.007 and 0.17 lgl À1 with a mean value of 0.08 lgl À1 , and in most cases, it was higher at the surface than at the half or full Secchi depth. In general, the Chl-a concentration was lower for the samples collected in late July 2013 (see St. 2-St. 5 in Fig. 3a) than for the samples collected in the middle of August 2014 (see St. 6-St. 14).
The TSM concentrations in Lake Namtso water varied between 0.74 and 2.85 mgl À1 , with mean value and standard deviation (STD) given by (1.11 AE 0.33) mgl À1 . Except for a sample that was collected at St. 15 (see Table 1 ) at a depth of 6 m, for which the TSM concentration was 2.85 mgl À1 , the TSM concentration was found to be lower than 1.5 mgl À1 . The high TSM value of 2.85 mgl À1 may be due to bottom sediment resuspension since St. 15 is close to the shore, where the water is quite shallow. In most cases, the TSM concentration was found to be lower at the surface. High values of the Secchi depth correspond to the low values of the TSM concentration found at St. 8-10, as shown in Table 1 and Fig. 3b . The TSM concentration did not show a similar variation as the Chl-a concentration between samples collected in late July 2013 and in the middle of August 2014.
A scatter plot of TSM versus Chl-a (not shown) including all Lake Namtso samples (N = 40) resulted in a correlation coefficient of À0.22, implying a very weak correlation. Similarly, Secchi depths were inversely correlated with the TSM concentration Figure 4 shows absorption spectra for CDOM in Lake Namtso water. In the UV spectral region (280-400 nm), the absorption decreases exponentially as the wavelength increases. The absorption coefficients within the visible range (400-700 nm) are generally low, as shown in the insert in Fig. 4a . Figure 4b shows scatter plots of a g ð440Þ derived by using different wavelength ranges for fitting against the measured data. It can be seen that a g ð440Þ values derived by using the wavelength range 280-500 nm Frequency distribution for the CDOM spectral slopes c S 280À500 and d S 350À500 for Lake Namtso water are much lower than the measured values, while the a g ð440Þ values derived by using the wavelength range 350-500 nm are very close to the measured values.
CDOM absorption
The absorption coefficient at a reference wavelength is commonly used as a measure of the CDOM concentration. Figure 5 shows the statistical distribution of the CDOM absorption coefficients at 440 nm [a g ð440Þ] and 320 nm [a g ð320Þ] as well as of the spectral slopes S 280À500 and S 350À500 for Lake Namtso water. It follows from Fig. 5 with mean value and STD given by (0.015 AE 0.002) nm À1 , as shown in Table 2 and Fig. 5c, d . According to Helms et al. (2008) , the spectral ratio S R ¼ S 275À295 =S 350À400 can be used to characterize CDOM, such as its molecular weight or source. The S R values for Lake Namtso water were found to vary between 1.09 and 3.07 with a mean value of 2.28, and 98% of the S R values were found to be higher than 1.5. We found the variation of a g ð443Þ for Lake Namtso water to be quite similar to the variation of the Chla concentration with a correlation coefficient of 0.72 (r 2 ¼ 0:52), and the regression equation between these two quantities can be written as a g ð443Þ ¼ 0:18\chl[ ? 0.024. In most cases, both a g ð443Þ and the Chla concentration were found to be higher in August 2014 than in July 2013.
Total suspended matter absorption Figure 6 shows absorption spectra for TSM [a p ðkÞ], phytoplankton [a phy ðkÞ], and non-algal particles [a NAP ðkÞ] of Lake Namtso water. The TSM absorption includes contributions from both phytoplankton and non-algal particles. Within the wavelength range between 310 and 700 nm, the TSM absorption generally decreases as the wavelength increases (Fig. 6a) , and the peaks around 676 nm, which are mainly due to Chl-a absorption, are almost unnoticeable because the phytoplankton absorption at 676 nm is low relative to the NAP absorption. Peaks in the wavelength range between 600 and 640 were observed for samples collected in late July 2013 and in the middle of August 2014. The strongest absorption spectrum in Fig. 6a Hydrobiologia (2016) 768:63-79 71 640 nm in the absorption spectra for most samples from Lake Namtso. For the samples collected in late July 2013, it was observed that the peaks in the range of 310-370 nm decrease from St. 1 to St. 5, except at St. 3, which is close to a tourist site. Also, these peaks were present predominantly in the surface samples. As the water depth increased, they became less prominent. However, the samples obtained from Lake Namtso in the middle of August 2014 did not show such a clear pattern.
It is also seen from Fig. 6b that the absorption spectra for phytoplankton samples collected in late July 2013 (red curves) consistently decrease exponentially as the wavelength increases from 400 to 550 nm.
Absorption spectra for non-algal particles in Lake Namtso are presented in Fig. 6c , which shows that these spectra follow similar exponential decay curves as CDOM absorption spectra but with a smaller spectral slope. The absorption coefficient at 443 nm for non-algal particles [a NAP ð443Þ] 
Discussion
During our field campaigns in Lake Namtso, the Chla concentration was found to be very low [0.007-0.17 lgl À1 ], although measurements were done during the productive season (May-September). For the surface samples from Lake Namtso, the mean value of the Chl-a concentration was found to be 0. (Vollenweider, 1982) ] and make the results of this study comparable to those of studies in other lakes with very low Chl-a concentration values, such as (see Table 3 ) Lake Taupo, New Zealand (Belzile et al., 2004) , Lake Tahoe, USA (Tahoe Environmental Research Center, 2015) , north basin of Lake Biwa, Japan (Belzile et al., 2002) , as well as in lakes located The values are shown either as a variation range, where extreme values are separated by '-', and where the mean value, if available, is given in parenthesis. In some cases only one available value is given. The symbol 'x' indicates that data were not found. a Belzile et al. (2004) b Davies-Colley et al. (1984) c Tahoe Environmental Research Center (2015) d Rose et al. (2009) e Hargreaves et al. (2007) f Belzile et al. (2002) g Liu et al. (2009) h Mitamura et al. (2003) above 4,000 m on the Yungui Plateau, China (Zhang et al., 2010) and Lake Puma Yumco, China , the latter being located on the TP. The low Chla concentrations in Lake Namtso water can be related to harsh environmental conditions with a short growing season [normally from mid-May until midSeptember (Dorji et al., 2013) ], low temperatures [average annual temperature of À0.16 C (Kang et al., 2011) ], and high UV exposure [UV index above 15 on TP (Norsang et al., 2014) ]. The high Chl-a concentrations observed at the surface of St. 1 in late July 2013 compared to those observed at St. 2-St. 5 in the same period (see Fig. 3a ) may be due partly to the effect of the river inlet.
The values of K d (PAR) found in the present study are quite similar to previously reported values of 0.11-0.13 m À1 (Kang et al., 2011) . Also, the estimated values of K d (PAR) for Lake Namtso are quite similar to the values found for Lake Puma Yumco (Mitamura et al., 2003) and Lake Taupo (Davies-Colley et al., 1984) , but higher than the values found for Lake Tahoe (Rose et al., 2009 ) and Crater Lake Oregon (Hargreaves et al., 2007) , and smaller than the value found for north basin of Lake Biwa (Belzile et al., 2002) , as shown in Table 3 .
The very low CDOM absorption for Lake Namtso water at visible wavelengths could result from a combination of several factors. The CDOM absorption is naturally low in the visible spectral region, and the CDOM abundance in Lake Namtso water is expected to be low because of poor development of the vegetation due to high altitude and harsh environment. Furthermore, Lake Namtso has a higher exposure of solar radiation than lowland lakes, and the exposure of CDOM to solar radiation causes photobleaching (Del Vecchio & Blough, 2002; Twardowski & Donaghay, 2002; Brinkmann et al., 2003) , the rate of which is found to be different for different spectral regions. For CDOM samples incubated in sunlight, there is more bleaching at longer wavelengths than at short wavelengths (Twardowski & Donaghay, 2002) . Hence, the exposure of Lake Namtso to a high flux of solar radiation likely leads to an intensive photoinduced degradation of CDOM absorption at longer wavelengths, which combined with a low CDOM abundance, results in a very low absorption at wavelengths in the visible spectral region. Furthermore, since Lake Namtso has no outflow river, a long water retention time is likely to expose CDOM in the lake to extensive photo-degradation, resulting in low CDOM absorption.
The CDOM absorption coefficient at 440 nm [a g ð440Þ] is commonly used to characterize the concentration of CDOM in different water types, and hence it is important to determine a g ð440Þ accurately. Figure 4b shows that a g ð440Þ values derived by using different wavelength ranges for fitting, i.e., 280-500 versus 350-500 nm, are significantly different. Therefore, it is important to choose the right wavelength range to determine the absorption coefficient at a specific wavelength. The range of values for a g ð440Þ (0.015-0.065 m À1 ) for Lake Namtso is quite similar to that found for Qinghai Lake (0.035-0.056 m À1 ) (Zhou et al., 2005) , which is the largest lake on the TP at an altitude of 3,200 m above sea level. The mean values for a g ð440Þ derived for these two lakes are almost the same (0.041 versus 0.042 m À1 ). Both the values of a g ð320Þ and a g ð440Þ found in Lake Namtso are close to the values found in alpine lakes with catchment areas having less than 5% of sparse pine trees (i.e., exposed rock), and are generally lower than the values found in mountain lakes surrounded by alpine meadows in the Tyrolian Alps (Austria and Italy) (Laurion et al., 2000) .
The derived values of S 280À500 for Lake Namtso water are generally higher than corresponding values for lakes in the Tyrolian Alps and the Pyrenees, where S 295À400 was found to range from 10.8 to 19.9 lm À1 (Laurion et al., 2000) , and for lakes on the Yungui Plateau, where the mean value of S 280À500 was found to range from 14.64 to 23.18 lm À1 (Zhang et al., 2010) . Lake Namtso [4,718 m, 30 30 0 N-30 56 0 N] is located at a higher altitude and lower latitude than the lakes in the Tyrolian Alps and the Pyrenees [422-2,799 m, 42 32 et al., 2000) and is exposed to stronger solar radiation, which causes photobleaching of CDOM, resulting in loss of absorption and increase of the spectral slope S (Twardowski & Donaghay, 2002) . At the Yungui Plateau, the altitude range of the lakes included in the study (Zhang et al., 2010) varied between 1,516 and 4,591 m and the latitude range varied between 24.133 N and 30.320 N, implying that the strength of the solar radiation compared with that at Lake Namtso could be greater or smaller depending on the location. The difference between the S values for these lakes and those of Lake Namtso can be partly explained by the fact that the S value depends on the wavelength range for which it is derived (Stedmon et al., 2000; Twardowski et al., 2004) . According to Twardowski et al. (2004) , about three quarters of the variability in the S values found in the literature can be attributed to different spectral ranges used in different studies. The derived mean value for S 350À500 for Lake Namtso is lower than that for Qinghai lake (S 380À550 = 0.0206 nm À1 ) (Zhou et al., 2005) and in the range of S values derived for lakes located in the Tyrolian Alps and the Pyrenees (S 370À500 varied between 7.1 and 18.9 lm À1 ) (Laurion et al., 2000) . The Lake Namtso mean value is also close to the mean value of 0.0151 nm
À1
derived for Lake Taihu in China (Ma et al., 2006) when similar wavelength ranges were used for fitting. The choice of a suitable wavelength range for determining the slope S and the absorption coefficient at a given wavelength is critical for a CDOM sample having a log-transformed absorption spectrum that does not follow a straight line, such as in our case. This kind of behavior is found also in other water bodies (Twardowski et al., 2004; Helms et al., 2008) . The mean S R value for Lake Namtso is in the range of S R values derived for lakes on the Yungui Plateau (Zhang et al., 2010) , but higher than the values presented in Table 2 for samples marked 'init' (implying no sample treatment involved) in a paper by Helms et al. (2008) . The S R value may also be used to indicate the change of the spectral slope over a wide spectral range. Thus, for a perfect exponential curve, S R is equal to 1, while, for an approximately exponential curve with a changing spectral slope, S R will deviate from 1. For CDOM samples having S R values that deviate significantly from 1, such as in our case, special caution must to be taken when determining the absorption coefficient at 440 nm [a g ð440Þ] or 443 nm [a g ð443Þ], which is one of the commonly retrieved parameters used to characterize CDOM samples from different water types.
This mean value of the TSM absorption coefficient at 440 nm [a p ð440Þ] for Lake Namtso water is much lower than that found for water in lakes on the Yunnan Plateau in China (Zhang et al., 2009) . Generally, the smaller peaks and shoulders around 440 and 676 nm for the samples collected in late July 2013 (red curves) compared to those for the samples collected in the middle of August 2014 (black curves) implies either a possible seasonal variation of the Chl-a concentration or a variation between the two years. Peaks found in the UV spectral region between 310 and 370 nm and in the visible region between 600 and 640 nm in the absorption spectra for most samples from Lake Namtso indicate the presence of other pigments than Chl-a. Lake Namtso is an oligotrophic lake, so that the relative abundance of accessory pigments (at least nonphotosynthetic carotenoids) is high compared to that in mesotrophic or eutrophic waters (Bricaud et al., 2004) .
The peaks between 310 and 370 nm in Fig. 6b might be due to absorption by mycosporine-like amino acids (MAAs), which have been found in phytoplankton from several mountain lakes (Tartarotti & Sommaruga, 2006; Ficek et al., 2013) . They play a role in protecting alpine aquatic organisms from UV radiation. For the samples collected in late July 2013, the peaks in the range of 310-370 nm decrease as the distance from the river mouth increases, indicating that the source of the peaks is likely to come from river discharge. Also, these peaks decreased as the water depth increased, indicating a vertical distribution of MAAs. A similar vertical distribution of MAAs was observed in other mountain lakes (Tartarotti & Sommaruga, 2006; Ficek et al., 2013) . In a 15-month study of an alpine lake, Tartarotti & Sommaruga (2006) found that during summer the content of MAAs in phytoplankton decreased with depth.
The absorption shoulders between 600 and 640 nm in Fig. 6b are probably due to absorption by phycobiliproteins, which are major light-harvesting pigments found in several types of algae. Thus, phycocyanin found in cyanobacteria has an absorption peak at 620 nm (Patel et al., 2005; Kirk, 2011) . A similar peak due to absorption by cyanobacteria picoplankton sampled in Lake Biwa, has been reported by Maeda et al. (1992) . This is supported by an observation by Yuan et al. (2002) regarding the phytoplankton community composition in Lake Namtso. They found that Bacillariophyta (diatoms) were dominant at the southern bank, whereas Chlorophyta (green algae) and Cyanophyta ( cyanobacteria) were dominant in the eastern part of Lake Namtso. Furthermore, Liu et al. (2010) found cyanobacteria among several other bacteria in Lake Namtso.
The absorption spectra for phytoplankton samples collected in late July 2013 from Lake Namtso (as shown in Fig. 6b red curves) consistently decrease exponentially as the wavelength increases from 400 to 550 nm. Binding et al. (2008) observed such atypical phytoplankton absorption spectra for Lake Erie, and they argued that it is due to absorption by colloidal or particle-bound DOM rather than phytoplankton.
At three different depths in Lake Namtso the measured Chl-a concentrations were so low (\0.01 lgl À1 ) that, in view of measurement errors, they were excluded in the computation of the spectral Chl-a specific absorption coefficient of phytoplankton a Ã phy ðkÞ shown in Fig. 7 . In most cases, a The maximum and the mean values reported here for Lake Namtso are much higher than those for oceanic water (Bricaud et al., 1995) (Binding et al., 2008) . The higher values for Lake Namtso compared to those for Lake Erie can be attributed partly to the fact that the measured Chla concentrations in our study did not include phaeopigments, whereas they were included in the study of Binding et al. (2008) . Lake Namtso is an oligotrophic lake, in which the average cell size is small, implying that the package effect tends to be small. Also, Fig. 6b indicates the presence of accessory pigments. The derived range and mean value of S NAP for Lake Namtso water are close to those derived for Lake Taupo [0.008-0.012 with a mean value of 0.009 nm À1 (Belzile et al., 2004) ], another large oligotrophic lake, and also to oceanic water (Bricaud et al., 1998) . The mean value for S NAP for Lake Namtso water is slightly lower than the corresponding mean value derived for European coastal water (Babin et al., 2003) . Figure 8 shows ternary diagrams of the percentage contributions to the absorption coefficient (a sum ¼ a g þ a phy þ a NAP ) for Lake Namtso water from CDOM (a g;perc ¼ ½a g =a sum Â 100), phytoplankton (a phy;perc ¼ ½a phy =a sum Â 100), and non-algal particles (a NAP;perc ¼ ½a NAP =a sum Â 100) at the wavelengths of 380, 443, and 676 nm. CDOM is seen to be the dominant absorbing component at the UV wavelength of 380 nm (see Fig. 8a ); its contribution is to the absorption coefficient for Lake Namtso water from CDOM (a g;perc ¼ ½a g =a sum Â 100), phytoplankton (a phy;perc ¼ ½a phy =a sum Â 100), and non-algal particles (a NAP;perc ¼ ½a NAP =a sum Â 100), where a sum ¼ a g þ a phy þ a NAP , at a 380 nm, b 443 nm, and c 676 nm. The percentage contributions from CDOM, phytoplankton, and non-algal particles can be read on the left, right, and bottom scales, respectively, of the triangle generally higher than 60%. At 443 nm, the CDOM absorption is still slightly higher than the absorption by phytoplankton and non-algal particles (see Fig. 8b ). Phytoplankton is the main contributor to the absorption at 676 nm, but in some cases non-algal particles contribute significantly. Compared to Lake Taupo (Belzile et al., 2004 ) (a clear-water lake similar to Lake Namtso), the relative contribution of phytoplankton to the absorption at 443 nm is smaller in Lake Namtso, due to lower concentrations of Chl-a in Lake Namtso during our study than in Lake Taupo. The relative contributions of non-algal particles at the wavelengths of 380 and 443 nm are also slightly smaller in Lake Namtso (in most cases a NAP \20%) than in Lake Taupo. The relative contribution of nonalgal particles at 676 nm is confined to the range 0-20% for Lake Taupo, but varies between 0 and 60% for Lake Namtso. The difference may be attributed to lower Chl-a concentrations, but higher TSM concentrations in Lake Namtso than in Lake Taupo.
Conclusions
High mountain lakes are subjected to extreme environmental conditions regarding nutrients, temperatures, and solar radiation. Zooplankton and phytoplankton in such lakes may develop strategies to adapt to such conditions. Often there is difficult access to remote lakes, and therefore basic information about optical properties is limited. In this study, we have presented measurements and analyses of the absorption properties of Lake Namtso, which is the highest located large lake on the Tibetan Plateau. The Chl-a concentration is very low for Lake Namtso water, due to harsh environmental conditions. The spectral slope S 350À500 for CDOM absorption was found to vary between 0.012 and 0.023 nm À1 with a mean value of 0.015 nm À1 , which is quite similar to other published values (Laurion et al., 2000; Ma et al., 2006) . The spectral slope S 280À500 values for Lake Namtso are generally higher than for other lakes with a mean value of 0.036 nm À1 . The mean value for S 280À500 is more than twice the mean value for S 350À500 , implying a large change of the spectral slope with wavelength. The CDOM absorption in the visible range is very low and the ratio of S 275À295 to S 350À400 is large. Thus, caution must be taken when determining the absorption coefficient at 440 nm, which is one of the parameters commonly used to characterize light absorption properties of CDOM in natural water. The CDOM absorption in the visible range is very low, as a result of poor development of the vegetation in the Lake Namtso catchment area, photo-bleaching due to strong solar radiation, and a long water retention time.
Absorption by phytoplankton at 440 and 676 nm, typically due to absorption by Chl-a, was low along with very low Chl-a concentrations in Lake Namtso. In addition to typical absorption peaks for phytoplankton, absorption peaks were observed in the UV spectral region, as expected for mountain lakes. Also, the phytoplankton absorption spectra had a peak in the range 600-640 nm, which is likely to be due to absorption by phycobiliproteins. The mean and maximum values of Chl-a specific absorption coefficients of phytoplankton ½a Ã phy ðkÞ at 440 and 675 nm in Lake Namtso were found to be much higher than previously reported values.
CDOM is seen to be the dominant absorbing component at the UV wavelength of 380 nm and the visible wavelength of 443 nm in this lake. At 676 nm, phytoplankton is the main contributor to the absorption, although non-algal particles absorb significantly in some cases.
More research is needed to examine whether the approximately exponential decrease in the absorption by phytoplankton in the wavelength range from 400 to 550 nm is due to phytoplankton itself or due to absorption by colloidal or particle-bound DOM, as suggested by Binding et al. (2008) .
